We utilized a model of fluid percussion (FP) brain injury in the rat to examine the hypothesis that al terations in brain neuropeptide Y (NPY) concentrations occur following brain injury. Male rats (n = 44) were subjected to FP traumatic brain injury. One group of an
imals (n = 38) was killed at I min, 15 min, I h, or 24 h after brain injury, and regional brain homogenates were analyzed for NPY concentrations using radioimmunoas say. A second group of animals (n = 6) was killed for NPY immunocytochemistry. Concentrations of NPY in the injured left parietal cortex were significantly elevated Neuropeptide Y (NPY), a 36-amino acid peptide, is found in highest concentrations within the adre nal medulla and brain (Tatemoto, 1982; Lundberg et aI., 1984; Chromwell et aI., 1985; O'Donohue et aI., 1985; de Quidt and Emson, 1986a,b; Sundler et aI., 1986) . NPY is widely distributed throughout the CNS (Adrian et aI., 1983; Allen et aI., 1983; Lund berg et aI., 1983; Chromwell et aI., 1985; Yamazoe et aI., 1985; Chan-Palay et aI., 1986; Gehlert et aI., 1987) , with a distribution resembling that of norepi nephrine (Hokfelt et aI., 1983a,b; Everitt et aI., 1984; Blessing et aI., 1986; Harfstrand et aI., 1987; Leblanc et aI., 1987; Pernow, 1988) . Astrocytic pro cesses have also been observed to exist in close association with NPY -immunoreactive dendrites at 15 min post injury (p < 0.05). No changes were ob served in other brain regions. NPY -immunoreactive fi bers were seen at 15 min post injury predominantly in the injured cortex and adjacent hippocampus. These tempo ral changes in NPY immunoreactivity, together with pre vious observations concerning posttraumatic changes in regional CBF in these same areas, suggest that an in crease in region NPY concentrations after brain injury may be involved in part in the pathogenesis of posttrau matic hypoperfusion. Key Words: Blood flow-Brain in jury-Neuropeptide Y. (Aoki and Pickel, 1988) . In the CNS, cerebral blood vessels are supplied by perivascular nerve fibers that contain NPY (Edvinsson, 1985; Edvinsson et aI., 1983 Edvinsson et aI., , 1984 Edvinsson et aI., , 1987a Duverger et aI., 1987) , and NPY-containing neurons have been shown to inner vate cerebral arteries from the circle of Willis down to the penetrating arterioles (Edvinsson et aI., 1983 (Edvinsson et aI., , 1984 Hardebo et aI., 1984; Corder et aI., 1987) . NPY has been shown to exert a powerful vasocon strictive effect on cerebral arteries in vivo as well as in vitro (Edvinsson et aI., 1983; Emson and de Quidt, 1984; Schon et aI., 1985; Zukowska-Grojec et aI., 1987) . For these reasons, NPY has been im plicated in the cerebral vasospasm resulting from subarachnoid hemorrhage (SAH) and other cere brovascular insults (Uemura et aI., 1987; Jackowski et aI., 1989) .
A profound and widespread reduction of CBF has been observed following both human (Enevoldsen et aI., 1976; Enevoldsen and Jensen, 1978; Obrist et aI., 1979 Obrist et aI., , 1984 Muizelaar et aI., 1989; Pfenniger et aI., 1989) and experimental (Saunders et aI., 1979; Wei et aI., 1980; Hekmatpanah and Hekmatpanah, 1985; DeWitt et aI., 1986; Yuan et aI., 1988; Ya makami and McIntosh, 1989, 1991) traumatic brain injury. Alterations in cerebral vascular contractility after brain trauma have been related to SAH, which may cause cerebral vasospasm and global reduction in CBF (McCullough et aI., 1971; MacPherson and Graham, 1973) . Since little is known concerning the neurochemical mechanisms underlying vascular changes (vasospasm) associated with traumatic brain injury, we utilized the lateral fluid percussion (FP) model in the rat to characterize the response of brain NPY to concussive brain injury.
MATERIALS AND METHODS

Surgical preparation
Male Sprague-Dawley rats weighing 400-450 g were anesthetized with sodium pentobarbital (50 mg/kg i.p.). A hollow female Luer-Lok fitting was rigidly fixed with dental cement to the animal's skull through a 2.0-mm cra niotomy centered over the left parietal cortex. The dura was left intact at this opening. In all experiments, a con stant intravenous infusion of sodium pentobarbital (15 mglkg/h) was initiated immediately after surgery.
FP brain injury
The device used to produce experimental FP brain in jury was a Plexiglas cylindrical reservoir, 60 cm long and 4.5 cm in diameter, bound at one end by a cork-covered Plexiglas piston mounted on O-rings. At the time of in jury, the animal was connected to the device via the im planted Luer-Lok fitting. With the entire system filled with 37°C isotonic saline, a metal pendulum was released to strike a piston, producing a pulse of increased intra cranial pressure (atmospheres) of fairly constant duration (21-23 ms). This model has been described in greater de tail elsewhere (McIntosh et al., 1987 . Animals were attached to the FP device, and brain injury of moderate severity (2.3-2.5 atm) was induced in all animals.
Radioimmunoassay for NPY
Animals were killed at t = 1 min (n = 8), 15 min (n = 8), 1 h (n = 8), and 24 h (n = 6) after brain injury. Anesthetized, surgically prepared, but uninjured animals (n = 8) were used as controls. Brains were removed and dissected into the following areas: injured (left) parietal cortex and contralateral (right) parietal cortex, hypothal amus, and brainstem. Tissue was immediately placed into ice-cold 2 N acetic acid in Ependorf tubes for analysis. Samples were extracted as previously described (Ferriero and Sagar, 1989) . Tissue was thawed, boiled for 10 min, homogenized by sonication, frozen, and thawed. Aliquots were removed for protein assay, the remainder of the homogenate was dried, and the residue was extracted with hexane/isopropanolol and dissolved in 0.01 N HCl. Samples were centrifuged and the supernatant was dried in an evacuated centrifuge. With brain tissue, the recov ery of added synthetic NPY by radioimmunoassay was 92 ± 7%.
The dried residues were redissolved in assay buffer (0.05 M sodium phosphate buffer, pH 7.2, 100 mM NaCI, 10 mM ethylenediaminetetraacetate, 0.1 % bovine serum albumin, and 0.02% NaN3), diluted appropriately, and assayed by a specific double-antibody radioimmunoas say. The primary antiserum was raised in rabbit (Bissette et al., 1984) . The related peptides avian pancreatic poly peptide, human pancreatic polypeptide, and C-terminal human pancreatic polypeptide showed no cross-reactivity at 10-7 mol/L; peptide YY showed <0.3% cross-reactivity in this range. Assay sensitivity was 1 fmol/1oo ILl.
Immunocytochemical localization of NPY
A second group of animals (n = 6) received an identical FP injury as above and were killed at 15 min post injury via an overdose of sodium pentobarbital (200 mg/kg/i.p.). Animals were perfused at the time of death with 4% paraformaldehyde (PF A) in 0.1 M sodium phosphate buffer (PB), pH 7.4. All brains were immersed for 4 h in 4% PFA/PB at 4°C, rinsed with PB, and placed in 30% sucrose in PB for 24-48 h at 4°C prior to cutting. Fifty micron sections were cut on a vibratome (Ted Pella, Co lumbus, OH, U.S.A.). Sections were incubated for 1 ha t room temperature in 2% normal goat serum, 1% Triton X-lOO, 1% egg albumin, 0.02% NaN3 in 0.1 MPB, pH 7.4, containing the primary antiserum to NPY diluted 1: 1,000 for 24 h at 37°C.
The sites of antibody binding were visualized with the avidin-biotin-peroxidase method (Vectastain ABC Kit; Vector Labs, Burlingame, CA, U.S.A.) using diamino benzidine (Sigma) as the chromogen. Sections were ex amined and photographed with bright-field optics. The specificity of this immunocytochemical procedure was demonstrated by abolition of fiber and cell body staining when primary antiserum was omitted or when synthetic NPY (Peninsula Labs, Torrance, CA, U.S.A.) at a con centration of 10 ng/ml was included during incubation with primary antiserum. Brain region Left (injured) cortex Right (uninjured) cortex 9.5 ± 2.0 11.9 ± 5.6 13.4 ± 4.9 11.5 ± 4.5 15.0 ± 3.6b 12.2 ± 3.3 12.8 ± 3.5 9.5 ± 0.4 12.8 ± 2.9
Data analysis
Values obtained from radioimmunoassay were com pared using Student's t tests and one-way analysis of vari ance to assess differences in NPY concentrations be tween time points. Analysis of variance with post hoc Tukey tests was employed to evaluate changes in NPY concentrations between control and injured animals at each time point. The significance level of all analyses was corrected to account for multiple comparisons. A p value of <0.05 was considered statistically significant.
RESULTS
Radioimmunoassay
No changes were observed in NPY concentra tions in the brainstem, hypothalamus, or right (un injured) parietal cortex at either 1 min, 15 min, or 24 h after brain injury (Table 1) . However, concentra tions of NPY in the injured left parietal cortex were elevated within 1 min post injury (from 9. 5 ± 2.0 to 13.4 ± 4. 9 nglg; mean ± SD, p = NS), and by 15 min NPY levels were significantly elevated when compared with uninjured control values (from 9.5 ± 2. 0 to 15.0 ± 3.6 nglg; p < 0.05). By 1 h post injury, NPY concentrations in the injured cortex had begun to decline, and values reached control levels by 24 h post injury.
Immunocytochemistry results
In animals killed 15 min following traumatic brain injury, NPY -immunoreactive fibers were seen pre dominantly in areas known to be damaged by this type of injury (Cortez et aI., 1989) . The injured (left) parietal cortex, especially the deep laminae, had in creased fiber immunoreactivity (Fig. lA) , although the number of immunoreactive cell bodies did not seem increased when compared with contralateral or control cortex (Fig. IB) . Increased NPY immunoreactive fibers were seen adjacent to areas of petechial hemorrhage (external capsule, forceps major of the corpus callosum, hippocampus, and hippocampal fissure). The immunoreactive fibers in the cortex traversed long distances and exhibited beaded varicosities along their extent (Fig. lC) . The hippocampus also exhibited increased fiber staining throughout the dentate blade, but increased num bers of immunoreactive cell bodies were not seen.
DISCUSSION
The results of the present study demonstrate that regional concentrations of NPY are elevated at the injury site (left cortex) after experimental concus sive brain injury. This region has been previously shown to sustain the greatest amount of neuronal damage (Cortez et aI., 1989) and demonstrates the most severe and prolonged fall in regional CBF of any brain region studied (Yamakami and McIntosh, 1989, 1991). The temporal correlation of NPY con centrations and changes observed in blood flow in this region suggests that NPY may be associated with hypoperfusion in the area of maximal injury.
The localized increase in NPY observed in criti cally injured brain regions may be due to (a) in creased release of the peptide, (b) increase in pep tide synthesis (unlikely to occur within 15 min after injury), or (c) altered processing of the peptide. Since immunoreactive NPY has been found in rat plasma in low concentrations of 5-7 pmollml (Higu chi et aI., 1988) , it appears unlikely that increases in NPY concentrations observed in injured tissue are due simply to intraparenchymal hemorrhage. Fur thermore, at 15 min post injury, NPY-immunoreac-tive fibers were observed in the injured cortex and hippocampus ipsilateral to the injury site. Although these data are suggestive that NPY is being ex pressed or released locally by neurons, it does not totally preclude the possibility that neurons simply bind NPY released by disrupted blood vessels.
Recent immunohistochemical studies have dem onstrated that at least half of the NPY -immunoreac tive neurons in the fascia dentata of the hippocam pus also contain somatostatin (Kohler et aI., 1986; Chan-Palay, 1987) , and hippocampal NPY neurons have been found to be the targets of perforant path way afferents (Deller and Leranth, 1990) . Autora diographic studies have also suggested that NPY binding sites are enriched in structures such as the hippocampus, cerebral cortex, and thalamus (Lynch et aI., 1989; Quirion et aI., 1990) . In the present study, brain injury induced an increase in NPY -immunoreactive fibers in both injured cortex and hippocampus. Since these changes occurred in the period immediately following brain injury, these data suggest that NPY may have a hitherto un known role in the acute pathophysiological sequel ae associated with traumatic brain injury.
NPY appears to be one of the most important peptide mediators of cerebral circulation (Gray and Morley, 1986; Uddman and Edvinsson, 1989; Tuor et aI., 1990) . Dense plexuses of NPY-immunoreac tive nerve fibers surround cerebral arteries of guinea pig, rat, cat, and humans (Edvinsson et aI., 1983 (Edvinsson et aI., , 1984 (Edvinsson et aI., , 1987b Allen et aI., 1984; Uddman et aI., 1985) , and this peptide has been shown to be an extremely potent vasoconstrictor both in vitro and in situ (Edvinsson et aI., 1983 (Edvinsson et aI., , 1984 (Edvinsson et aI., , 1987a Allen et aI., 1984; Emson and deQuidt, 1984; Dacey et aI., 1988; Suzuki et aI., 1988 Suzuki et aI., , 1989 . Several studies have documented changes in NPY content in exper imental models of SAH (Uemura et aI., 1987; Jack owski et aI., 1989 ). In our model, the temporal cor relation between the increase in NPY immunoreac tivity and alterations in regional CBF in the injury site suggests that NPY may contribute to postinjury cerebral vasospasm. These neurochemical changes may be involved in the posttraumatic oligemia and hypoperfusion that are observed after both experi mental (Saunders et aI., 1979; Wei et aI., 1980; De Witt et aI., 1986; Yuan et aI., 1988; Yamakami and McIntosh, 1989, 199 1) and clinical (Enevoldsen et aI., 1976; Enevoldsen and Jensen, 1978; Obrist et aI., 1979 Obrist et aI., , 1984 Muizelaar et aI., 1989 ) traumatic brain injury. Future studies will further explore the functional significance of alterations in brain NPY after traumatic brain injury.
